In this work, the removal of pesticide 2,4-D by single photolysis, electrolysis with BDD anode and a combined UV irradiation -electrolysis is studied. Results demonstrate that although photolysis is completely inefficient in the degradation of this pesticide, light irradiation improves significantly the results obtained by single electrolysis, leading to harsher oxidation conditions, which contribute to reduce the number of intermediates and promote mineralization. Electrolysis with diamond electrodes can attain the complete depletion of the pesticide and its mineralization regardless the current density applied and the light irradiation. In comparing the effect of current density, it was found that process is much efficient operating at 10 mA cm -2 , attaining complete mineralization with specific current charges below 10 Ah dm -3 , in spite of being detected a lower concentration of oxidants. Under absence of chlorides in the supporting electrolyte main intermediates formed were hydroquinone and 4-chlororesorcinol. Under the presence of this anion, 2-chlorophenol and 4-chlorophenol were also observed at high concentrations. UV irradiation does not modify the intermediates formed although concentration is lower. An oxidation mechanism is proposed in agreement with other works shown in the literature.
Introduction
In the recent years, there is an increasing concern of agencies (such as EPA) and scientific community about the use of pesticides because of their high risks to human health and the environment [1, 2] . In this context, the 2,4-dichlorophenoxyacetic acid (2,4-D) is a chlorinated phenoxy herbicide, widely used to control many types of broadleaf weeds. This systemic herbicide is considered moderately toxic by World Health Organization and it is known to affect the nervous system of humans and animals. Since this compound exhibit high water-solubility, lifetime and mobility, its continuous use may cause soil percolation and groundwater contamination [3] . Furthermore, the biorefractory character of chlorophenoxy herbicides makes necessary the development of new treatment technologies to eliminate this type of pesticides from contaminated water and soil [4] .
Electrochemical oxidation with boron-doped diamond anodes is very efficient in the treatment of wastewater containing recalcitrant compounds [5] [6] [7] [8] [9] . This fact is typically associated to the high chemical and electrochemical stability, robustness, weak electrode fouling and long service life [10] . Furthermore, this type of electrolysis is known for generating large quantities of hydroxyl radicals as well as many others oxidants [11] .
Other important characteristic is its efficient and synergistic coupling with other technologies such as the irradiation of ultrasounds (US) or UV-light [12] .
Many works in the literature study the combination of UV light irradiation and electrolysis for the removal of pollutants such as dyes [13] [14] [15] , pharmaceutics [16] , pesticides [17, 18] , phthalates [19] , organic polymers [20] and leachate [21] . Results shown in those works indicated improvement in the removal rates explained by heterogeneous and homogenous catalytic processes related to activation of oxidants.
These works are not limited only to the use of diamond coatings as anodic material but they are also focused on the use of dimensionally stable anodes (DSA ® ) [22] [ [23] [24] [25] and TiO2 electrodes [26, 27] . In this context, in previous works, our group studied the electrooxidation process with UV light irradiation for the oxidation of dimethyl phthalate from synthetic wastewater using both diamond anode and DSA electrodes in a flow reactor.
The results demonstrated that irradiation of light makes the oxidation process more efficient in special at higher current densities (when more oxidants can be electrochemically produced). In addition, the use of DDB electrode was demonstrated to be the most attractive because of the lower requirements of UV light irradiation [19] and its higher efficiency in the absence of chlorides.
Regarding pesticide 2,4-D, there are several studies in which its removal has been studied by different advanced oxidation process like Fenton [28, 29] , Electro-Fenton [28, 30] , photoelectron-Fenton [31, 32] , electro-oxidation [33] [34] [35] and photolysis [36] . Combination of UV irradiation and electrolysis is one of the most promising treatment alternatives for the depletion of low concentration of pollutants from wastewater [17, [37] [38] [39] . Electrolysis is known to produce significant concentration of oxidant species by the oxidation of salts (sulfate, phosphate, chloride, carbonate, etc.), oxygen (ozone) or by the reduction of oxygen (hydrogen peroxide). These oxidants need to be activated in the solution in order to be effective, most likely as radicals, and this activation may occur either by combination of oxidants (f.i. formation of hydroxyl radicals when ozone and hydrogen peroxide combined) or by irradiation of UV light or US [40] [41] [42] . In this later case irradiation does not need to be focus on the anode surface but in the bulk volume of wastewater once oxidants have been produced. For this reason, the purpose of the present study was to evaluate the applicability of the oxidation of 2,4-D with a coupled electrolytic-UV irradiation technology. The effect on results of the supporting electrolyte and current density are also going to be studied. 
Materials and Methods

Chemicals
Analysis procedures
All the samples were filtered with 0.45 µm nylon filters from Whatman before their analysis. The decay of herbicide and the evolution of their aromatic products were followed by reversed-phase chromatography, total organic carbon (TOC) and oxygen chemical demand (COD). The chromatography system was an Agilent 1100 series coupled a UV detector. The analytical column Phenomenex Gemini 5 μm C18 was used. Peroxosulphate was determinate iodometrically according to Kolthoff & Carr (1953) [43]. Measurements of pH were carried out with an InoLab WTW pH-meter.
The specific electrical energy consumption for the electrolytic and photolytic treatments were calculated according to eqs 1 and 2 where E is the cell potential (V), t is the electrolysis or photolysis time t (h), I (A) is the applied electric current and w is the power of the UV lamp (15 watts for the lamp used in this study).
(2)
Electrochemical cell
Electrolyses were carried out in a single compartment electrochemical flow cell.
One of the covers of this cell was made of quartz in order to let UV light to access into the reaction media. The other cover was made of a high chemical resistance polymer , ii) the applied current density (10 -100 mA cm −2 ). As it can be observed, in this case a very effective oxidation is attained. Both the current density and the supporting electrolyte have a great influence on the process performance although complete removal of the pollutants can be attained in all conditions studied. The lower efficiencies observed at large current densities can be explained by the diffusion control of the pollutant removal rate and a relative greater amount of •OH radicals wasted in parasite non-oxidizing reactions such as oxygen evolution reaction [5] . Differences between tests with chloride and sulfate media can be explained by the different oxidants that can be formed. UV light irradiation has a positive effect on the removal being this effect more important for the electrolysis carried out at large current densities, where more oxidants are expected to be produced and hence are available for oxidation. In sulfate medium, at 10 mA cm -2 , 2,4-D depletion is achieved in about 5 Ah dm -3 (4 h) for irradiated process while at 100 mA cm -2 although it is faster (30 minutes), it requires three times more electrical applied charge. For a better comparison, Table 1 shows the apparent rate constant of the 2,4-D oxidation. As expected, the current density and the use of light irradiation improve the 2,4-D oxidation rate. Comparison in terms of mineralization is a little bit different as it can be seen in Figure   3a . The most efficient removal is attained in sulfate media at low current density and under these conditions light irradiation does not play a significant role on results because TOC vs Q data clearly lay over the same line. In increasing the current density, in the treatment of the synthetic wastewater containing sulfate it can be observed a great influence of light irradiation, much greater than that observed in both treatment tests made for wastewater with chlorides. This increase indicates that large concentration of oxidants are produced and activated under these conditions. Peroxosulfate is known to be produced during the CDEO of sulfate solutions (either by direct processes or by processes mediated by hydroxyl radicals as shown in eqs. 3 to 6) and activation with light to produce sulfate radicals (eq. 7) is also confirmed in previous studies [42] . In terms of the electrical energy consumption (Fig. 3b) it can be seen that the additional energy cost of light irradiation is compensated by the lower charge required in the electrochemical process operating at high current densities but not at low current densities.
Results and discussion
Regarding the electrolysis of chloride solutions a much more complex chemistry is expected to be produced with the formation not only of gaseous chlorine and hypochlorite but also of undesirable chlorates and perchlorates (eqs. 8 to 12). In this case, light irradiation favours the decomposition of hypochlorite (eqs. 13 and 14) . Fig. 3b shows that in this case the extra cost of light irradiation does not compensate the lower electric charge required in the photoelectrochemical process operated at low current densities. (14) In order to clarify the effect of the oxidants produced, Figure 4 compares the concentration of peroxodisulfate monitored during the different tests carried out. As it can be observed, the higher the current density, the higher is the resulting Chlorate (•, ○) perchlorate.
As for the sulfate, no significant differences are attained in the electrolyte when UV light is irradiated, in spite of the great effect observed in the degradation of the molecule:
concentration of species seem to lay over the same lines. In comparing the effect of the current density it can be observed a higher production of perchlorate working at higher current densities while chlorates is the most important species formed in the low current density experiment. Both species are hazardous and they should be prevented in a real treatment. The treatment for these species is complex and it would make necessary the application of complementary treatment such as ion exchange or reverse osmosis.
Anyhow, in this study they are giving valuable information about the mechanisms of oxidation. Regarding hypochlorite, the most active species in the oxidation, concentration is much smaller in UV irradiated experiments. This may help to explain the results obtained, because this lower concentration can be related to the formation of chlorine radicals in the reaction media that improve the oxidation results and prevents formation of chlorates and perchlorates.
Regarding the oxidation mechanisms, Figure 6 compares the changes of aromatics intermediates in chlorine medium as a function of the charge applied. 
